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Earth-Space quantum communication is the next challenge of telecommunications. As
long as we want to know the outcome of a quantum communication by means of single
photons, we have to face the interaction between a single photon and the atmosphere.
In this brief article, we want to report some preliminary simulation results for realistic
and generic atmospheric conditions.
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1. Introduction
Cryptography, that is, the art of rendering a message unintelligible to any unau-
thorized party, is a very old discipline, but up to forty years ago, has been mainly
applied in a restricted military context. The development of present-day information
society, the increased importance of electronic economical transactions has made
secure communication of utmost importance, and has prompted the growth of many
new cryptosystems in these last years. In all the classical protocols the message is
encrypted using a key. One can distinguish between public-key cryptosystems, in
which sender and receiver (traditionally called Alice and Bob) use different keys for
encryption and decryption, and secret-key cryptosystems, in which the two parties
use the same, private, key. The main limitation of classical cryptographic schemes
is the fact that they do not provide absolute security. More precisely, the only
provable secure cryptosystem is the ”one-time pad” (G. Vernam, 1926), in which a
randomly-generated key is added modulo two to the message. The Vernam cipher is
secure if the key is secret, random, it is at least as long as the message, and it is used
only one time. It is evident that for this reason, the one-time pad is used only for
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case the message to be encrypted is divided in blocks using involved nonlinear func-
tions and is then combined with the key. The resulting protocol is no more perfectly
secure and offers only computational security. That is, it is based on the (generally
unproven) difficulty in inverting the procedure. Also public key cryptosystems have
not been proven to be secure and are based on the computational complexity of
evaluating one-way functions. These functions are easily evaluated, but extremely
difficult to invert. The best known example is multiplication of large numbers. In
fact, the difficulty of prime factorization is at the basis of the most common public
key cryptosystem, RSA 1. The problem from a cryptographic point of view is that
the existence of a fast algorithm for factorization has not been ruled out: a sudden
mathematical breakthrough would make many internet communications completely
unsecure! Even worse, it has been proven that the possible realization of a quantum
computer would allow a fast algorithm for factorization.
A secure cryptosystem can be achieved if one encodes information in a quantum
system. To be more precise, quantum mechanics is able to generate perfectly se-
cure, random keys which can then be used in standard secret-key protocols 2,3,4,5,6.
The security of quantum key distribution protocols is easy to prove in the ideal
case of no technical imperfection and it is based on two fundamental aspects of
quantum mechanics: 1) the unavoidable perturbation accompanying any quantum
measurement; 2) the impossibility for an eavesdropper to make a perfect copy of
an unknown quantum system. The perturbation of an eventual measurement by an
eavesdropper manifests itself whenever the bit are encoded into two nonorthogonal
states. In principle quantum information can be encoded in any two-state system,
but it is evident that the most natural carrier of quantum information is the pho-
ton. In fact it travels at the velocity of light, it has a very limited interaction with
the environment, and it offers the possibility to encode information in various de-
grees of freedom, such as polarization, phase or energy. In fact, all the experimental
realization of quantum cryptographic protocols (more properly Quantum Key Dis-
tribution protocols, QKD), since the first one at IBM in 1989 (published in 1992 4)
employed single photons as quantum bits (qubits). After that, many groups demon-
strated quantum key distribution using different protocols and different physical
implementations 2.
Nowadays the frontier of QKD is the realization of a Earth-Space or a Space-
Space quantum communication channel 12,14,15,16.
This realization would be of the utmost relevance both for quantum key distribu-
tion 2, since it would allow intercontinental quantum transmissions, and for studies
concerning foundations of quantum mechanics 12,13. Thus, preliminary feasibility
studies have been performed showing its practical realizability.
In little more details, in ref. 14 a BB84 scheme was studied for earth-Space
communication. By considering gaussian optics, 15 db losses were attributed to
diffraction, whilst aerosol losses were considered of secondary relevance (0.04-0.06
db) for a transmission with clear sky and from high level above sea. Altogether
atmospheric losses were estimated to be about 2-5 db. On the other hand, the
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security level for quantum transmission was estimated to be 40 db, lowering to 10 db
if the eavesdropper (conventionally dubbed Eve) had technologies for intercepting
selectively an eventual multi-photon component.
In another study, ref. 12, 6.5 db losses were estimated by considering optics and
finite quantum efficiency of detectors. The limit for a secure quantum transmission
was estimated to be at 60 db losses. Finally, here atmospheric losses were estimated
to be around 1 db.
Effectively, transmission above 10 km 19 and up to 23 km open space 18, day-
light were performed and an European collaboration is preparing an experiment at
Canary islands up to 120 km 17.
All these theoretical and experimental studies guarantee the feasibility of a
ground-space channel. Nevertheless, the analysis of atmospheric effects is rather
incomplete and is far from considering various realistic atmospheric situations that
could be met during a real transmission. Even in the very general review of ref. 20,
only few results are presented with small detail.
Thus, a detailed analysis of atmospheric effects in various realistic situations
would be of the utmost relevance.
Purpose of this paper is to describe a work addressed to reach a precise charac-
terization of atmospheric effects on a quantum communication channel by using a
well tested simulation program.
To investigate this topic we make use of free source library for radiative trans-
fer calculations named libRadtran7. This library can solve the radiative transfer
equations, set some input parameters and the HITRAN8 database. This is a high-
resolution atmospheric parameters database used by libRadtran.
In our simulations we can determine what part of the solar radiation is the direct
downward irradiance. So far, we are not going to say anything about the possible
photon depolarization (whose precise estimation is under realization).
Various parameters can influence the atmospheric effects on the photon trans-
mission, as, for instance, aerosols, pressure, temperature, air density, precipitations,
cloud composition, humidity, chemical components. As a first step in order to eval-
uate their relevance in various meteorological conditions here we present some pre-
liminary results.
2. Real experiments
2.1. Different distributions of aerosols
In libRadtran, a database of aerosols distributions can be found. It has been written
according to ref. 9. There, four aerosols distributions for four different environment
conditions are described (rural, maritime, urban, tropospheric).
As our first analysis, the atmospheric conditions are chosen to be in summer, at
midlatitudes, according to ref. 10 and the source irradiance is chosen in accordance
to ref. 11; both the databases are present in libRadtran.
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For these conditions the downward direct irradiance at the Earth surface with the
source at the zenith outside the whole atmosphere has been evaluated. We chose
the visible wavelength because this is the range used in quantum communications
and is not affected by strong absorption as UV and IR bands; actually the exact
range is from 256 nm to 1010.320 nm.
A first result of this analysis is that this quantity is largely independent by the
aerosol type, as it can be seen in figure (1).























Fig. 1. Ratio of direct downward irradiance with respect to the source irradiance, in the visible
range, for different aerosols conditions
Also one deduces that the best range for communications is roughly from 700 nm
to 900 nm. In this range, the fraction source light which gets across the atmosphere
without any interaction with the atmosphere is about 75%.
This means that a photon has a 75% probability to get across the atmosphere we
have built without interacting with it.
2.2. Different temperature profile
In the atmosphere database used until now, the temperature increases fairly linearly
up to 15 km where it assumes the value T15. We have changed the temperature at
the surface from -10oC up to 30oC, with steps of 5oC; then we made the temperature
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vary linearly from the new values, at the surface, up to T15, at 15 km. The air density
is modified automatically, by the program, according to the perfect gas law. Above,
nothing has been modified and there are no aerosols. In figure (2), the results are
depicted.




































Fig. 2. Ratio of direct downward irradiance with respect to the source irradiance, in the visible
range, for different temperature profiles
Once again, one deduces that the transmissivity is not affected by the above
modifications; and the best range for the communications is roughly from 700 nm
to 900 nm as well.
2.3. Different humidity profiles
One different modification has been brought to the atmospheric conditions of ref.
10. This time, the relative humidity has been set as a constant in the first 15 km
of the atmosphere. The values are 5% and from 10% to 100% with steps of 10%.
We have not considered aerosols in this configuration. In figure (3), you can see the
qualitative results.
Also for these conditions, the most advantageous range for the communications
is from 700 nm to 900 nm but in this case, we can see differences among different
humidities. It would be better to increase the resolution of the measurements in
the future.
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Fig. 3. Ratio of direct downward irradiance with respect to the source irradiance, in the visible
range, for different relative humidity profiles
2.4. Presence of clouds
The presence of clouds is to be considered as well, in order to the quantum com-
munications. We add clouds to the atmosphere 10 without aerosols. The model we
use describes the clouds as two-dimensional, without depth. We put clouds at 2,3
km, at 2,3,4 km and at 2,3,4,5 km. Every cloud has 1gm−3 as liquid water content
and 10µm as effective droplet radius. Here you find the results, in figure (4):
One can immediately see that the presence of clouds seriously harms the quan-
tum communication. Only the configuration with two layers is different from zero,
but its transmissivity values are of the order -5 and are not suitable for our purpose.
These cloudy configurations are in the libRadtran database, but other ones are to
be considered.
2.5. Comparison between two extremely different conditions
Finally we want to get an idea of how is transmissivity for two extremely different
conditions. On one side there is a city environment with relevant aerosols concen-
trations and 90% relative humidity, on the other side a dry desert without aerosols.
In figure (5), the results can be seen.
As we could expect, a dry desert is a very good place for quantum communica-
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clouds at 2,3 km
clouds at 2,3,4 km
clouds at 2,3,4,5 km
Fig. 4. Ratio of direct downward irradiance with respect to the source irradiance, in the visible
range, for different cloud configurations
tion.
2.6. Quantum Entanglement over the Danube
In 21 a quantum entanglement distribution experiment over the Danube for 600m, in
Wien, is described. Reading the report, we can find out that during the experiment
temperature was around 0oC and the wind strengths up to 50 km/h.
As an application of our program to a realistic situation here we report at-
mospheric effects for this experiment as deduced from our analysis. The direct
downward transmission percentage is shown in figure(6).
For 810nm (the wavelength in the experiment), we have about 94% transmis-
sivity. In the article it is reported: ”The attenuation in each of the links was about
12db (6% transmission)”.
2.7. 120 km transmission
As hinted in the Introduction an ongoing experiment at Canary Islands will estab-
lish a 120 km link. Here we discuss photon transmission for a reasonable range of
atmospheric conditions in this case.
With a midlatitude atmosphere and for maritime aerosols (as in libRadtran
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wet city (90%), urban aerosols
dry desert (5%), no aerosols
Fig. 5. Ratio of direct downward irradiance with respect to the source irradiance, in the visible
range, for different cloud configurations
database), let’s suppose to be at the Canary islands. Let’s set a 2mm monthly
averaged water precipitation (this will scale the water vapor profile accordingly)
and a monthly averaged surface temperature of 24C.
The following figure (7) should be the results of a transmission over 120km.
Results show that the best transmissions are for long wavelength.
3. Conclusions
If we want to investigate atmospheric effects on a quantum channel, with the pur-
pose of predicting the possible results of an experiment, we have to solve stochastic
equations. In this paper we have presented some preliminary results by using a free
source library named libRadtran. Our results show that a further deeper analysis of
atmospheric effects by using this technique could effectively be a useful tool for pre-
dicting the performances of a quantum communication channel in various realistic
operative meteorological situations.
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Fig. 6. Ratio of direct downward irradiance with respect to the source irradiance, in the visible
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